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ABSTRACT:

Satellite navigation is critical in signal-degraded environments where GNSS signals are strongly corrupted. In these cases the use of
a single GNSS does not guarantee an accurate and continuous positioning. A possible approach to solve this problem is the use of
multi-constellation that provides additional measurements improving the redundancy of the system. Measurements in urban scenario
are strongly affected by gross errors, degrading navigation solution; hence a quality check on redundant measurements, defined as
RAIM is necessary. The classical RAIM algorithms, developed for aviation, need to be redesigned for urban applications, considering
frequent multiple blunders. The FDE schemes analyzed in this research are the Subset, the Forward-Backward and the Danish; they
are obtained by combining different basic statistical tests. Specifically a so-called Global Test is adopted to verify the measurement
self-consistency. A Local Test is used to identify and reject a blunder into a data set declared not-consistent. The considered FDE
methods are modified to optimize their behavior in urban scenario. Specifically a preliminary check based on the WARP parameter,
generalization of the classical ARP, is implemented to screen out bad geometries. Moreover a large blunder could cause multiple
test failures, inducing incorrect measurements exclusions; hence a separability index is implemented to avoid the incorrect exclusion of
blunder-free measurements. Development and testing RAIM algorithms for multi-constellation in multiple blunder case is a main target
of this work. For indoor navigation pseudolites are adopted and different positioning algorithms are developed. Indoor positioning has
been demonstrated with meter level of accuracy.

1. INTRODUCTION

Satellite navigation has been traditionally carried out in open sky
environments; these scenarios are characterized by good signal
reception conditions and by a high number of visible satellites.
There is however a growing need to use Global Navigation Satel-
lite System (GNSS) in signal degraded environments such as ur-
ban canyons and indoors. The use of GNSS in ‘hostile’ envi-
ronments promotes the development of suitable navigation tech-
niques in order to provide seamless outdoor and indoor availabil-
ity which could enable a large number of applications such as
personal digital assistant location, vehicular navigation and emer-
gency services.
Navigation system performance is usually analyzed in terms of:
Availability defined as the percentage of time that the services of
the system is usable (DoD et al., 2008); Accuracy defined as the
degree of conformance of an estimated or measured position with
respect to the true position (DoD et al., 2008); Integrity defined
as the measure of trust that can be placed in the correctness of
the information supplied by a system (DoD et al., 2008). A sin-
gle GNSS operating in a degraded scenario may not satisfy one
or more requirements in terms of the aforesaid parameters. A
possible approach to enhance GNSS performance in these envi-
ronments is the use of a multi-constellation receiver, i.e. combin-
ing together measurements provided by different GNSS. Multi-
constellation system provide improvements with respect to a sin-
gle GNSS in signal degraded scenarios (ODriscoll et al., 2010),
so its use brings a key added value to the availability, especially
in urban environments.
As above mentioned, one of the critical parameters for naviga-
tion systems is integrity which refers to the ability of the system
to provide timely warnings to users when the system should not
be used. A GNSS provides integrity information to the user via
the navigation message, but this may not be timely enough for
real time applications. Therefore, additional means of providing

integrity are necessary.
Different techniques are available to provide integrity informa-
tion, in this study Receiver Autonomous Integrity Monitoring
(RAIM) technique is analyzed; RAIM uses the redundancy of
simultaneous measurements to check whether they are consistent
or if there are erroneous observations. RAIM is a user level tech-
nique and is able to detect user level errors such as multipath or
local interference sources. Different schemes have been proposed
in order to perform a reliability analysis and quality monitoring
to identify, and eventually reject, the erroneous measurements.
Applications performed in difficult signal conditions, where the
signals are blocked or strongly attenuated, push the use of High-
Sensitivity (HS) GNSS receivers, able to track weak GNSS sig-
nals that a traditional receiver would otherwise be unable to pro-
cess. HS receivers guarantee a more continuous solution with
respect to traditional devices improving the availability of the so-
lution. However they do not necessarily guarantee an improve-
ment in terms of position accuracy.
The grooving request to navigate in all environments, such as in-
doors, promoted the development of augmentation systems to aid
or replace GNSS. Despite the usage of HS receiver, able to track
GNSS signals even indoors, in such scenarios GNSS-based nav-
igation is unreliable, if not unfeasible. One of the local augmen-
tation system complementary to GNSS is the pseudolite (Cobb,
1997) (O’Driscoll et al., 2011). Pseudolites are transceivers able
to receive and broadcast signal in different bands and using dif-
ferent modulation techniques, they can be used to create a lo-
cal ground-based GNSS alternative. In order to receive pseu-
dolite signals relatively few receiver modifications are required,
because pseudolite signals are similar to standard GNSS ones.
Pseudolites have been traditionally used in a synchronous con-
figuration where all the pseudolites are synchronized against a
common time scale, thus the same principle adopted by GNSS
is used to compute the user position. Despite the potential of
synchronous pseudolites, alternative solutions have been recently



considered where each pseudolite operates independently without
requiring complex synchronization mechanisms. This has led to
the development of asynchronous pseudolite technologies char-
acterized by a simplified system design and reduced costs.
In deep indoors synchronization can be difficult to achive due to
multipath and fading problem, hence the lack of synchronization
between the different pseudolites does not allow the extraction
of travel time information and different techniques have to be
adopted to determine the user position. In this research a posi-
tioning method using Received Signal Strength (RSS) measure-
ments is considered.
The remainder of this paper is organized as follows: in Sec-
tion 2, satellite navigation principles are presented, RAIM the-
ory is detailed, navigation algorithms and the concept of pseudo-
measurement are described. Multi-constellation opportunity is
presented in Section 3. Pseudolite positioning is introduced in
Section 4. The experimental setup adopted for the tests and the
results obtained are illustrated in Section 5. Finally conclusions
are provided in Section 6.

2. PRINCIPLES OF SATELLITE NAVIGATION

GNSS positioning is based on the one-way ranging technique:
the time of travel of a signal, transmitted by a satellite, is mea-
sured and scaled by the speed of light to obtain the Pseudorange
(PR) whose equation is:

ρ = d+ cdts − cdtr + eorbital + dIono + dTropo + ερ (1)

where d is the distance between satellite and receiver, cdtr is the
receiver clock error, eorbital is the satellite orbital error, dIono is
the ionospheric error, dTropo is the tropospheric error, ερ contains
the errors due to multipath, receiver noise and residual errors.
In this research, single point positioning is used and all the error
terms are either modeled or neglected thus leaving four unknowns
which are the three receiver coordinates, included in the d term
and the clock bias cdtr . Thus, independent GNSS navigation re-
quires signals from at least four satellites for the computation of a
complete Position Velocity Time (PVT), solving system (1). The
above mentioned GNSS measurements are used to estimate PVT
solution using a Weighted LS (WLS) technique; the optimization
criterion adopted is the minimization of the residuals defined as:

r = z−H · x̂ (2)

where: z is the vector containing the observations; H is the de-
sign matrix or geometry matrix used to project measurements into
the vector state space; x̂ is the estimated state (Mikhail, 1976).
The WLS solution is:

x̂ =
(
HTWH

)−1

HTWz (3)

where W is the weighting matrix representing the different ac-
curacy of the measurements, in this study W is related to the
satellite elevation; additional details can be find in (Angrisano et
al., 2013a).

2.1 Reliability Theory

The integrity problem is fundamental for many GNSS applica-
tions because anomalies can cause unpredictable range errors de-
grading the navigation solution. Hence a method such as RAIM
to provide integrity information is needed (Kaplan, 2005). These
techniques use a minimum of six visible satellites and are able to
exclude outliers from the navigation solution so that operations
can continue without interruption. RAIM algorithms are based
on the residual analysis, because the residuals are indicators of

the quality of the estimate states.
To detect a blunder within the measurements, residuals (2) are
statistically tested; this procedure is performed using two differ-
ent tests. The first one is carried out to verify the measurement
set consistency and is called Global Test (GT). If such test fails
a test to identify the outlier, so called Local Test (LT), has to
be performed. In the GT, the null-hypothesis assumes that the
adjustment model is correct and the distributional assumptions
meet reality; in the blunder-free case, the errors are assumed to
be Gaussian with zero mean. The alternative hypothesis assumes
that the adjustment model is not correct. In the GT, the statistical
variable, D, used to test the null hypothesis, is a quadratic form
of the residual, weighted by W :

D = rTWr (4)

If the observation errors are Normally distributed, D follows a
central chi-square distribution with m − n degrees of freedom.
The parameter m − n is the redundancy of the system, defined
as the difference between the measurements number m and the
number of the unknowns n. D is compared with a threshold, TG:

TG = χ2
1−α,(m−m) (5)

where the notationχ2
1−α,(m−n) indicates the abscissa correspond-

ing to a probability value 1−α of a χ2 distribution with (m− n)
degrees of freedom.
In the GT, the decision is taken as follows:

H0 : D ≤ TG No failure
H1 : D > TG Failure

(6)

If H0 is rejected and H1 accepted, an inconsistency in the mea-
surement set is assumed, and the blunder should be identified and
mitigated. The GT is applied to the whole set of measurements,
while to identify outliers a test has to be carried out on the indi-
vidual measurement. In this case, the test performed is the LT.
In the LT, the decision variable w is the vector containing the
standardized residual of the i satellites, defined as:

wi =

∣∣∣∣∣ ri√
(Cr)ii

∣∣∣∣∣ i = 1, . . . ,m (7)

where (Cr)ii is the ith diagonal element of the residual covari-
ance matrix Cr . The standardized residuals are assumed to be
Normally distributed and are compared with a threshold, TL:

TL = N(1−PFA/2) (8)

TL is defined as the abscissa corresponding to the probability
value (1− PFA/2) of a normal distribution. The largest stan-
dardized residual exceeding the threshold is regarded as a blun-
der. For the LT, the decision is taken as follows:

H0 : D ≤ TL The ith measurements is not an outlier
H1 : D > TL The ith measurements is an outlier

(9)

If H0 is rejected and H1 accepted, the measurement is flagged as
blunder and could be rejected or de-weighted.
RAIM performance can be evaluated in terms of reliability and
separability. Reliability is the capability to detect the outliers,
while separability assesses the capability to correctly identify the
outlier from the measurements processed. Separability is of the
upmost importance and represents the risk of incorrectly flagging
a good measurement as an outlier.
In order to enhance the performance of the algorithms developed
two additional tests are used the first one ’Geometry check’ is



based on Weighted ARP (WARP) defined as:

WARP = WSlopemax × TG (10)

where WSlope is the weighted version of the slope parameter
which is the ratio between the position error (horizontal or verti-
cal) and the test statistic when a deterministic error is considered
on a single measurement and stochastic perturbations are omitted
(Chin and Kramer, 1992).
In order to avoid erroneous rejections, a test based on the separa-
bility concept is adopted. A parameter properly representing the
separability is the correlation coefficient, γij , of the normalized
residual, wi, in Eq. (7) (Hewitson and Wang, 2006):

γij =
(Cr)ij√

(Cr)ii · (Cr)jj
(11)

where:

j ∈ {1, . . . ,m} − (i) & wj > TL

i ∈ {1, . . . ,m} & wj = maxw
(12)

If there is at least one coefficient larger than a threshold, the mea-
surement flagged by the LT is not rejected and the solution is
considered unreliable. If each correlation coefficient is less then
threshold, the measurement is rejected. Several Fault Detection
and Exclusion (FDE) techniques could be obtained combining
GT, LT, geometry and separability check. In the following sec-
tions the three techniques considered are briefly presented.

2.1.1 Subset test Subset testing is an FDE technique that uses
only the GT. If a measurement set is declared inconsistent, all
the possible combinations of measurements are checked, to find
a subset from which the supposed blunders are excluded. Only
the subset that passes the GT is used to compute the navigation
solution; if more subsets pass the GT, the set with the minimum
statistic variable and the largest number of measurements is cho-
sen. In this technique the separability check is not performed,
because standardized residuals are not analyzed.

2.1.2 Forward-Backward Forward Backward (FB) is a tech-
nique that involves the use of both GT and LT. In the first algo-
rithm section, called Forward, a measurement set is preliminary
tested for the integrity geometry to screen out bad geometries,
then the GT is performed to verify measurements consistency. If
the GT declares the set inconsistent, the LT is carried out to iden-
tify and exclude the erroneous measurement. In order to avoid
erroneous rejections, the separability check is carried out: the
measurement flagged as possible blunder is excluded only if it
is not correlated with other measures. Forward process is per-
formed recursively until no more erroneous measurements are
found and the solution is declared reliable or unreliable. If the
solution is declared reliable and more than one measurements are
excluded, the Backward phase is applied to reintroduce observa-
tions wrongly excluded. Rejected measurements are iteratively
implemented backward and the GT is performed; the observation
set which passes the GT is used to compute navigation solution.

2.1.3 Danish method The Danish method is used to achieve
consistency between the measurements by modifying the a priori
weights. A measurement set is checked for the geometry, then the
GT is performed. If observations are declared not consistent by
the GT, the LT is carried out to identify the blunder, and its related
weight is reduced only if allowed by the separability check.

2.2 Multi-constellation navigation

All GNSSs are characterized by a similar structure but with sev-
eral meaningful differences, the most significant difference for

the scope of this work is related to the different time scales adopted
by the systems. Global Positioning System (GPS) time is con-
nected with Universal Coordinate Time (UTC) maintained by
the US Naval Observatory (Hoffmann-Wellenhof et al., 1992),
while GLObal NAvigation Satellite System (GLONASS) time
is connected with UTC(SU) (Cai and Gao, 2009) and finally
Galileo System Time (GST) is a continuous time scale main-
tained by the Galileo Mission System (GMS) and synchronized to
the Temps Atomique International (TAI) (European Union, 2010)
(Gioia et al., 2014). Galileo and GLONASS broadcast parame-
ters to align their time scale to GPS one, within their own nav-
igation message. Such parameters do not take into account the
inter-system hardware delay bias which is dependent on the spe-
cific receiver (Cai and Gao, 2009); therefore, when GPS, and
GLONASS or GPS and Galileo measurements are used together,
the inter-system bias has to be included in the estimation process
of the navigation solution as unknown.

2.3 GNSS extension

Satellite navigation in scenarios such as urban canyons is char-
acterized by long periods of lack of visible satellites; in order
to improve the availability of positioning, additional information
can be used in the estimation process. Additional conditions, rep-
resenting the state dynamics, are included into the measurement
model. In this work two different constraints are introduced the
first one is related to the altitude variation, the second is related
to the inter-system bias.
In urban navigation, pedestrian or vehicular, the height is usu-
ally slowly varying during brief time intervals; for this reason an
equation, observing directly the altitude state, can be introduced:

(haid − h0) =
[
0 0 1 (0)1×(n−3)

]
·∆x (13)

where: haid is an old estimate of the altitude, computed with low
value of the corresponding state variance covariance matrix or
with low Vertical DOP (VDOP); h0 is the previous altitude esti-
mation; n is the number of the states.
This condition is included in the measurement model, allowing
solution with only three visible satellites for a single system con-
figuration. This aiding is also used in case of measurements suf-
ficient to obtain the solution, to enhance the measurement model
redundancy and to improve the performance of FDE techniques
(Angrisano et al., 2013a).
When GNSS multi-constellation solution is computed, the dif-
ference between the system time scales must be estimated, thus
limiting the full use of multi-constellation, since one observation
has to be sacrificed to estimate the additional unknown.
The offset between the system time scales can be considered con-
stant in a brief interval (Cai and Gao, 2009), hence a pseudo-
measurement, observing directly cdtSys, can be introduced:

(cdtSysaid − cdtSys0) =
[
(0)1×(n−1) 1

]
·∆x (14)

where: cdtSysaid is an old estimate of the parameter; cdtSys0 is
the previous state element.

When Eq. (14) is included in the measurement model, it allows a
multi-constellation solution with only 4 mixed visible satellites;
this aiding is also used in case of sufficient observables to en-
hance the measurement model redundancy as in the altitude case
(Angrisano et al., 2013b). If both pseudo-measurements are used,
it is possible to compute the navigation solution with only three
mixed visible satellites (Angrisano et al., 2013a).



3. THE MULTI-CONSTELLATION OPPORTUNITY

In this section a performance analysis of the Galileo observables
is presented; the analysis has been carried out to characterize the
quality of the Galileo observables and to use their estimated accu-
racy as weight in the WLS algorithm for the navigation solution.
The analysis is also useful to verify the assumption adopted for
RAIM algorithms, i.e. the measurements have zero mean Gaus-
sian distribution. The performance in the position domain of the
European GNSS and the first Galileo only complete PVT are pre-
sented. The benefits of the inclusion of the Galileo measurements
in multi-constellation GPS/Galileo navigation solution are evalu-
ated. The last part of the section investigates the opportunity of
GPS/GLONASS multi-constellation navigation in urban environ-
ments.

3.1 Galileo performance in measurements and position do-
main

Galileo satellites are able to provide three types of measurements:
PR, Doppler meausurements and Carrier Phase on three different
frequencies: E1 E5 and E6. In this research only results related
to PR on E1 are presented, a complete analysis of Galileo perfor-
mance can be find in (Gioia et al., 2014) and (Angrisano et al.,
2013c).
In order to collect Galileo and GPS observables, the same set-up
described in (Angrisano et al., 2013c) is adopted. One week of
data was used for the PR analysis and results pertaining to the In
Orbit Validations (IOVs) are detailed below. A comparison of the
PR errors of the four IOVs is shown in Figure 1, the mean and
the STandard Deviation (STD) of the PR errors are depicted as
a function of satellite elevation and Carrier-to-Noise power spec-
tral density ratio (C/N0). The colored bars represent the mean of
the errors while the standard deviation is represented by the black
lines The behavior of the PR error is similar for the four IOV: the
error decreases when satellite elevation and C/N0 increase. The
mean error reaches a maximum value of 0.50 m for the IOVs with
Pseudo Random Noise (PRN) 19.
In order to have a complete analysis of Galileo measuremetns per-
formance, Galileo PR errors are compared to the GPS ones. From
Figure 2 it clearly emerges that Galileo PR errors (blue bars) are

Figure 1: IOVs PR errors mean and STD as a function of satellite
elevation and of C/N0

Figure 2: Comparison between GPS and Galileo PR errors. PR
errors mean and STD as a function of satellite elevation and of
C/N0

Figure 3: Horizontal position error of Galileo only and GPS (with
a limited DOP) solutions.

smaller with respect to the GPS ones (green bars). The values
relative to Galileo errors are almost halved with respect to GPS.
For instance, in the GPS case, the mean error reaches a maxi-
mum value of 0.88 m (for an elevation of 15 degrees) whereas
for Galileo this value is limited to 0.50 m.
On 12th March 2013, Galileo ephemerides have been broadcast
for the first time allowing the analysis of Galileo only positioning.
In order to evaluate Galileo positioning performance, the Galileo
only solution is compared with respect to GPS one. Galileo cur-
rently has only four satellites so its position performance is strongly
affected by geometry limitations; hence in order to perform a fair
comparison between GPS and Galileo, similar geometry condi-
tions are considered and the GPS satellite geometry is artificially
degraded. In particular, the following approach is adopted: the
Galileo only solution and its satellite geometry is computed, then
GPS satellites are then progressively excluded such that a geom-
etry value similar to that of Galileo is obtained, finally GPS only
solution is computed using the selected GPS satellites. In Figure
3, the spread of the clouds provides an immediate representation
of the magnitude of the error and allows a simple comparison be-
tween GPS and Galileo performance. The Galileo cloud (blue
dots) is significantly reduced with respect to the GPS one (red
dots), confirming the results obtained in the measurements do-
main.

3.2 GPS/Galileo

Galileo performance analysis demonstrated the potentiality of the
European GNSS. The benefits of the inclusion of Galileo mea-
surements are evaluated computing a combined solution using
GPS and Galileo together. The horizontal and vertical position
errors of the GPS alone and GPS/Galileo joint positioning are
shown separately in Figure 4. The joint solution is computed
considering Galileo to GPS Time offset (GGTO) as additional
unknown as described in Section 2.2 In order to present a fair
comparison, the two solutions are analyzed only in the common
epochs, i.e. during those epochs when at least one Galileo satel-
lite is available. If only one Galileo satellite is available its mea-
surements are used to estimate the GGTO parameters, hence in
this case no advantages can be noted with respect ot the GPS only
case. The horizontal error is depicted in the upper box of Fig-
ure 4, the lines representing the error behavior of the configura-
tion considered are very close and only a slight difference can be
noted. The inclusion of Galileo measurements provides a slight
improvement in the horizontal solution; a slight reduction of the
Root Mean Square (RMS) value can be observed and a reduc-
tion of 3 meters of the maximum vertical error is achieved. The
number of visible GPS/Galileo satellites varies between 7 and 15
(with a mean of 10) as shown in the lower box of Figure 4. Posi-
tion error statistics, for GPS and GPS/Galileo multi-constellation
solution, are summarized in Table 1.
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Figure 4: GPS and GPS/Galileo horizontal (upper box) and ver-
tical (middle box) position error as a function of the time epoch .
Number of visible GPS/Galileo satellites (lower box).

Table 1: Horizontal and vertical position error statistics for GPS
and GPS/GALILEO multi-constellation positioning.

Configuration RMS[m] Max [m]
Hor Ver Hor Ver

GPS Only 3.34 4.37 14.12 14.78
GPS/Galileo 3.21 4.32 11.06 14.22

3.3 GPS/GLONASS

In signal-degraded environments such as urban canyons or moun-
tainous areas, GNSS signals are blocked or strongly degraded by
natural or artificial obstacles. The multi-constellation approach,
using GPS and Galileo together is not useful in these scenarios
because of the limited Galileo availability. Hence, GLONASS is
currently the main candidate in a multi-constellation configura-
tion. GLONASS is fully operational and its inclusion provides
an improvement of the Solution Availability (SA) with respect to
GPS only case as shown in (Angrisano et al., 2013b). In order to
evaluate the benefits of the GLONASS measurements inclusion
several tests were conducted, to avoid repetition of results only
results related to a kinematic test are discussed. The data col-
lection considered in this section was a pedestrian test, the total
duration of the test is about 30 minutes the total distance trav-
elled is about 2.5 km. The user followed a polygonal trajectory,
whose vertexes were previously surveyed by a total station; to
associate an epoch to each surveyed vertex, the rover receiver is
equipped with an external device (a button) used to mark the tran-
sit on the vertexes. Finally the points among adjacent vertexes
are obtained by linear interpolation assuming constant velocity in
each segment. The user was equipped with a NovAtel OEM615
GPS/GLONASS multi frequency receiver connected to a NovA-
tel 702-GG antenna, to the same antenna was also connected a
U-blox Lea 6T HS receiver. The data collected using the NovA-
tel receiver are also used to evaluate the impact of the RAIM in
urban scenario in Section 5.1.2 while the data collected using the
HS receiver are analyzed in Section 5.1.3. Several GNSS config-
urations are considered and analyzed, differing each other for the
satellite system (GPS o GPS/GLONASS) used and for adoption
of aiding (on altitude or on inter-system bias). From the test per-
formed it emerges that the inclusion of GLONASS measurements
provides an enhancement of the SA of about 5% with respect to
GPS only case, as reported in the last column of Table 2. The use
of aiding provide enhancements in terms of SA which reaches the
maximum value of 89% for the GG HT configuration. The val-
ues of the SA for the configurations considered are summarized in
the last column of Table 2. The horizontal and vertical errors are
plotted as a function of time in Figure 5. GPS/GLONASS multi-
constellation solution demonstrates improved performance with
respect to GPS only for all the parameters considered. The RMS
values are reduced of one meter for both horizontal and vertical

Table 2: Horizontal and vertical error statistics for GPS and
GPS/GLONASS multi-constellation solutions.

Configuration RMS[m] Max [m] SA
Hor Ver Hor Ver [%]

GPS Only 7.7 5.7 47.2 32.2 79
GG 6.8 4.7 39.0 29.5 84

GPS H 5.3 3.4 30.7 7.1 86
GG H 5.6 3.2 31.0 6.8 88
GG T 6.8 4.7 39.0 29.5 86

GG HT 5.6 3.2 31.0 6.8 89

Figure 5: Horizontal (upper box) and vertical (lower box) errors
as a function of time.

components. More evident is the improvement in the maximum
error which is reduced of 8 meters in horizontal plane. The use
of the both aiding improved the performance in terms of RMS
and maximum errors with respect to the base-line configuration
(GG) for all the parameters considered, but does not improve the
performance with respect to the configuration with only altitude
aiding (GG H).

4. PSEUDOLITE POSITIONING

Pseudolite system can be used in synchronous and asynchronous
mode, the different architectures are described in the next sec-
tions. For the tests carried out, two pseudolite systems were
adopted. The fist one was developed at Joint Research Centre
(JRC) and described in (D.Borio and C.Gioia, 2013), the pseudo-
lites are implemented on a Universal Software Radio Platforms
(USRPs). The second system is the Commercial Off-the-Shelf
(COTS) pseudolite system developed by Space System Finland
(SSF) described in (Gioia and Borio, 2014).

4.1 Synchronous pseudolite navigation

A pseudolite system operating in synchronous mode extends the
usage of satellite-based positioning methods into environments
where GNSS signal coverage is inadequate. In order to evalu-
ate the performance of the pseudolite positioning in synchronous
mode several tests have been performed using the pseudolite sys-
tem developed by SSF which includes: 6 pseudolites operating
in the GPS L1 band and able to broadcast continuous and pulsed
signals; a Master Control Station (MCS) able to coordinate the
different pseudolites. Synchronization is performed exploiting
the measurements provided by a modified Fastrax receiver; dif-
ferent radio modems allowing the communication between the
different components of the system. The synchronous system
has been tested using the measurement unit provided by SSF and
a customized setup involving the use of two U-blox Lea 6T re-
ceivers connected to an Android phone used to collect the data,
the equipment used is shown in Figure 13. Unfortunately and de-
spite several attempts, it was not possible to achieve the required
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Figure 6: Double Differences analysis.

level of synchronization. The MCS was often receiving error
messages from the pseudolites which made the synchronization
process restarts. Multipath and fading are probably causing sig-
nificant problems to the synchronization process. This fact high-
lights one of the limitations of indoor synchronous navigation. In
order to overcome the synchronization problem, relative position-
ing was implemented. Two U-blox LEA-6T devices were used as
reference and rover receivers, respectively. During the first 60
seconds, reference and rover receivers were kept in a zero-base
line configuration. From Figure 6, the presence of biases clearly
emerges in the pseudolite measurements preventing the user to
obtain a reliable position solution. The biases observed are due
to the synchronization problems already discussed above. The
biases observed were stable during the static phase of the test and
thus they were removed exploiting the zero-base line configura-
tion adopted during the first 60 seconds of the test. A reliable
position solution was obtained using the corrected PR as shown
in Figure 6. However, when the user start moving, synchroniza-
tion corrections were no longer valid and the position solution
diverged. Thus, this approach does not allow the computation of
a reliable solution during the kinematic phase.
The use of synchronous measurements in deep indoor environ-
ments is still an open issue and further investigations are required.
The results obtained seem to indicate that this type of technol-
ogy is not suitable for deep indoor navigation. For these types of
scenarios and for the above mentioned reasons an asynchronous
approach was adopted.

4.2 Asynchronous RSSI Positioning

RSS is defined as the voltage measured by a receiver’s Received
Signal Strength Indicator (RSSI) circuit and corresponds to the
power measured on a logarithmic scale. It is usually modeled as
(Lindström et al., 2007, D.Borio and C.Gioia, 2013):

P (d) = P0 − 10α log10

d

d0
(15)

where P (d) is the RSS measured at the distance d from the emit-
ter, α is the path-loss exponent and P0 is the power received at a
short reference distance, d0.
The C/N0 is a function of the received power and hence Eq. (15)
can be rewritten in terms of C/N0 measurements:(

C

N0

)
i

= Ki − α10 log10(di) (16)

where Ki is a constant accounting for the power of the ith trans-
mitted signal and for the reference distance d0.
When the constantsKi and α are known, a direct relationship be-
tween the measured C/N0 and transmitter-receiver distance can
be established. Transmitter-receiver distances can be expressed

Figure 7: Comparison among the different RAIM schemes, in
static mode using the NovAtel OEM615 receiver.
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Figure 8: Detailed view of the horizontal error pertaining to the
three best configurations.

as a function of the user position:

di =
√

(xu − xi)2 + (yu − yi)2 + (zu − zi)2. (17)

Finally, the user position can be determined by minimizing the
cost function (D.Borio and C.Gioia, 2013):

J(x, y, z) =

N−1∑
i=0

(
C

N0

)
i

· Ei (18)

where

Ei =

(
C

N0

)
i

−Ki +
1

2
α10 log10 d

2
i . (19)

5. RESULTS - TESTISTING AND ANALYSIS

In this section the results of different tests are presented; first of
all, the results obtained in urban environments are discussed then
the indoor solution is evaluated.

5.1 Urban test

In this section the performance of the RAIM algorithms imple-
mented, i.e. Forward-Backward, Subset and Danish methods are
evaluated in several tests including static and kinematic test con-
ditions using different types of receivers. The performance is an-
alyzed in terms of: Reliable Availability (RA) defined as the per-
centage of time when the solution is declared reliable; RMS and
maximum horizontal and vertical position errors. All the urban
tests were carried out at Centro Direzionale of Naples (Italy), a
typical example of urban canyon.

5.1.1 Static campaign A static test of about 6 hours was car-
ried out on 24th February 2012. The antenna was placed on
the roof of the PANG (PArthenope Navigation Group) labora-
tory building, the antenna coordinates are: 40.8565[deg] North
14.2844[deg] East and 90.6257[m]. The antenna was connected
to the NovAtel OEM615 receiver. The RA of the position are
summarized in the last column of Table 3.



Table 3: Statistical position error parameters: RMS and maxi-
mum errors for both horizontal and vertical components.

Configuration RMS[m] Max [m] RA
Hor Ver Hor Ver [%]

GPS Only 54.9 85.6 1265 1686 N.A.
GPS/GLONASS 34.8 65.4 246 372 N.A.

GPS Dan 23.2 56.1 160 343 49.0
GG DAN 16.0 38.1 160 284 75.8
GPS FB 17.9 44.5 160 286 43.6
GG FB 13.4 31.3 160 284 74.0

GPS Sub 27.5 56.4 299 327 76.2
GG Sub 15.1 36.1 322 399 96.5

In Figure 7, the errors of the different RAIM schemes are com-
pared, the Subset testing is characterized by the higher RA but
also by the high errors, the others schemes implemented pro-
vide similar performance. All the GPS/GLONASS configura-
tions, represented by the black yellow and magenta dots, are more
concetrated with respect to the corresponding GPS only configu-
rations. The GLONASS measurements improve the redundancy
increasing the RAIM efficiency. In order to highlight the different
behaviors of the three RAIM algorithms, a detailed view of the
horizontal error pertaining the three best configurations is pro-
vided in Figure 8. In Figure 8, the rectangular area (on the left)
within the dotted line shows the case where the Subset scheme
provides the best solution. The rectangular area (on the right)
within the dotted line shows the case where the Danish method
provides the wrost performance with respect to the other meth-
ods due to an erroneous rejection. This effect is avoided in the
Forward-Backward case due to the Backward phase of such al-
gorithm. For these reasons, only the FB scheme is used in the
next sections.

5.1.2 Kinematic Test The data collection considered in this
section was the pedestrian test described in Section 3.3. The user
was equipped with the NovAtel OEM615 described in the previ-
ous section connected to a NovAtel 702-GG antenna. Comparing
the results reported in Table 4 and Table 5, it emerges that for the
first three configurations, the RA is more than halved with respect
to the sSA, while aiding inclusion allows GPS/GLONASS multi-
constellation solution to obtain a high RA. Specifically, the use of
quality checks reduces the availability of the solution which can
be very low in the case of GPS only (RA around 19%). The inclu-
sion of GLONASS measurements or of aiding on the altitude im-
proves the RA which is doubled with respect to the base-line con-
figuration; the configuration using GPS along with GLONASS
and double aiding further improves the RA which reaches a max-
imum value of 62%. Statistical parameters of the horizontal and
vertical errors for the configurations without RAIM application
are summarized in Table 4. The same parameters for the config-
urations using RAIM, considering reliable epochs, are summa-
rized in Table 5. Although many GNSS signals are blocked or
degraded by multipath, positioning results in the GPS only case
are characterized by reasonable RMS values. On the contrary
large maximum errors can be present. The GLONASS and aid-
ing inclusion (without RAIM application) increases the availabil-
ity but degrades the solution with respect to various parameters,
most of all for the lack of blunder check. Form Figure 9 it clearly
emerges that in this scenario all the configurations are character-
ized by very high errors. The maximum error is 500 m in the
horizontal plane for the GPS configuration with aiding on the al-
titude. This value is due to the use of aiding on the altitude, which
is adopted to improve the redundancy of the system and reduce

Table 4: Statistic parameters of the errors for the base-line con-
figurations without RAIM application.

Configuration RMS[m] Max [m] SA
Hor Ver Hor Ver [%]

GPS noRAIM 6.9 6.2 123 112 53
GG noRAIM 18.9 13.8 483 284 73
GPS Aid H 25.2 3.7 500 7.9 74
GG 2 Aid 8.2 3.7 134 8.3 84

Table 5: Statistical parameters of horizontal and vertical errors for
the configurations with RAIM using NovAtel OEM615 receiver
and considering only reliable epochs.

Configuration RMS[m] Max [m] RA
Hor Ver Hor Ver [%]

GPS RAIM 4.1 2.7 17.5 14.7 19
GPS RAIM Aid H 4.1 0.6 15.2 1.3 38

GG RAIM 4.2 3.9 44.0 49.9 31
GG RAIM 2 Aid 3.3 0.7 17.6 1.5 62

the vertical error. In some cases, however, when the geometry
of the system is very weak, the pseudo-measurement contributes
to the estimate of the horizontal component, providing erroneous
information and so degrading the solution. From the upper box
of Figure 9, it emerges that the GPS only configuration provides
the best performance in the horizontal plane, however with the
lowest SA. The inclusion of GLONASS measurements mainly
improves the availability of the solution but all the considered er-
ror parameters are higher than in the GPS case. Finally, the use
of the multi-constellation and of the two aidings provides per-
formance similar to that of the GPS case but with a very high
SA, demonstrating the potentiality of the multi-constellation ap-
proach. In Figure 10 a comparison among the configurations with
RAIM is performed to demonstrate the benefits of the inclusion of
aiding in urban navigation and to evaluate their impact on RAIM
algorithms. The analysis is also useful to demonstrate the needs
of quality checking to avoid the use of erroneous values for aid-
ing. From Figure 10 it can be noted that the RAIM application
improves significantly the performance of aided configurations,
in terms of RMS and maximum errors. The best performance is
obtained combining GPS and GLONASS measurements with aid
implementation, limiting the vertical error to a meter level, while
the horizontal one is characterized by a 3.3 m RMS error and a
17.6 m maximum error, with a RA of 62%.

5.1.3 High Sensitivity solution In order to evaluate the ben-
efits of the use of RAIM in urban scenarios with a HS receiver
the same set-up described for the kinematic test is adopted. The
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Figure 9: Horizontal and vertical errors for base-line configura-
tions with and without RAIM using the NovAtel OEM615 re-
ceiver.
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Figure 10: Horizontal and vertical errors for the configurations
with RAIM each configuration is analyzed in the relative reliable
epochs.
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Figure 11: Horizontal (upper box) and vertical (lower box) er-
rors as a function of time using the u-blox receiver with RAIM
application.

device used is a GPS only receiver, hence only two configurations
are considered, i.e. GPS only and GPS with altitude aiding. The
horizontal and vertical errors of the two configurations consid-
ered are plotted separately in Figure 11.
From the upper box of Figure 11 it can be noted that aiding on
the altitude slightly degrades the horizontal solution. The two
configurations are however very close and the differences in term
of RMS error is only two meters. The degradation is more evi-
dent in the maximum error, which passes from 154 m to 283 m.
RAIM improves significantly the performance in terms of RMS
error for the vertical and horizontal components, maintaining a
high RA. RMS horizontal errors are halved and even better re-
sults are observed in the vertical component. The maximum hor-
izontal error of the GPS aided configuration is degraded due to
an erroneous measurement rejection in the presence of multiple
blunders. From the lower box of Figure 12, the benefits of aiding
and of the application of RAIM clearly emerges: the blue line is
always lower than the red one. The maximum vertical error is re-
duced passing from 126 m to 5 m, and the RMS value is reduced
by 15 times passing from 19.2 m to 1.3 m.
In order to highlight the benefits of RAIM in the case of aiding, a
comparison between the aided configurations is performed. The
behavior of the horizontal and vertical error is shown in Figure
12. From the lower box it clearly emerges that the use of RAIM
provides a significant improvement in the vertical error. When
a blunder is present in the measurement set, an erroneous value
is assigned to the aiding degrading the parameter that is directly
observed by the pseudo-measure. For a quantitative analysis, sta-
tistical parameters of the position error for the considered config-
urations, considering only the reliable epochs, are summarized in
Table 6

5.2 Indoor test

In order to evaluate the performance of the systems indoors, two
types of experiments were conducted: control point tests and re-
peatability tests. In the first case, several control points were
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Figure 12: Horizontal (upper box) and vertical (lower box)
errors as a function of time using the U-blox receiver. Per-
formance comparison between configuration with and without
RAIM shows the advantages of the use of the quality checks and
of aiding.

Table 6: Statistical parameters of the horizontal and vertical er-
rors for the configurations with and without RAIM using the U-
blox receiver.

Configuration RMS[m] Max [m] RA
Hor Ver Hor Ver [%]

GPS 51.0 64.1 177 788 N.A.
GPS Aid H 51.3 58.4 184 112 N.A.
GPS RAIM 23.2 19.2 154 126 70

GPS RAIM Aid H 25.3 1.3 283 4.8 82

placed along the user trajectory. The locations of the control
points were carefully surveyed. This approach was adopted in the
corridor tests (Section 5.2.1). In the second type of test, the user
performed several loops around a large table present in a meeting
room trying to repeat always the same trajectory (Section 5.2.2).
The quality of the navigation solution is assessed by comparing
the different trajectories estimated for the different loops. A high
consistency level of the navigation solution indicates the good
performance of the system.

5.2.1 Corridor Test The first solution tested for indoor nav-
igation was the use of the U-blox LEA 6T the receiver was con-
nected to a laptop to store the data Figure 13 (a). So a data col-
lection was carried out in the corridor on the first floor of a large
office building on the JRC premises (Ispra, Italy) on July 2013.
Several control points were placed in the corridor to verify the
accuracy of the navigation solution. The user followed a straight-
line trajectory in the corridor. The trajectory was characterized
by a displacement of about 25 meters in the North-South direc-
tion and only 5 meters in the East-West direction. The location
of the pseudolites was dictated by the geometry of the building;
the three devices are able to provide useful information mainly
for the estimation of the North coordinate. The calibration of the
parameters was performed using the measurements obtained in a
trial data collection. Note that a single α has been determined
for all the measurements whereas Ki is a parameter specific to

Rx Antenna 

USB Connections: 
- U-blox LEA-6T 

- Realtek RTL2832U 

Control 
Points 

((a)) Equipment used for the cor-
ridor test.

((b)) Equipment used for the re-
peatability test.

Figure 13: Equipment used for indoor positioning.
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Figure 14: EstimatedC/N0 values and calibration phase used for
RSS positioning.
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Figure 15: Position results obtained using the u-blox receiver.

each pseudolite. The adoption of pseudolite specific Ki is justi-
fied by the fact that the USRPs are not calibrated and each device
can transmit a slightly different power. This phenomenon clearly
emerges from Figure 14 (b) which shows that pseudolite 3 has
a larger Ki than pseudolite 2: experimental data lay on parallel
curves and the adoption of a single Ki it is not possible. The
C/N0 values of Figure 14 are provided here to facilitate inter-
pretation of the results obtained in the position domain and dis-
cussed below. In particular, an anomalous behavior is noted in
correspondence of control point 7.
The C/N0 values depicted in Figure 14 were used to compute

the user’s position based on the algorithm described Section 4.2.
The position fixes are shown in Figure 15 along with the pseudo-
lite and control point coordinates which were represented in a lo-
cal frame. The origin of the local frame is pseudolite 1, the y axis
is coincident with the North direction whereas the x axis is di-
rected along the East-West direction. The position fixes depicted
in Figure 15 are mainly scattered along the East-West direction.
The error along the East-West direction reaches a maximum value
of about 10 meters in correspondence of control point 7 which is
characterized by anomalous C/N0 measurements as highlighted
in Figure 14 (a). When excluding the position fixes correspond-
ing to control point 7, the East-West error is however lower than
5 meters.
From Figure 15 (b), it emerges that most of the position fixes are

confined inside the building. Moreover, most of the errors occur
when the user is close to control point 7. This type of behavior
was consistent among different data collections and it is probably
due to changes of propagation conditions caused by the presence
of the stairs door which leads to the ground floor. The position
fixes provided by the U-blox receiver and obtained using only
GPS measurements are also shown in Figure 15 (a). The U-blox
receiver is unable to provide meaningful results in an environ-
ment as harsh as the one considered for the pseudolite testing.

5.2.2 Repeatibility In order to investigate the performance of
the proposed approach the user performed 5 loops around a large
table present in a meeting room. The pseudolite system used for
this test was the one developed by SSF; four pseudolites were
placed in the corners of the room, in order to have good geometry
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Figure 16: Estimated C/N0 values as a function of time.
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Figure 17: Position estimates obtained using the RSS algorithm.

conditions. The measurements unit was composed by a U-blox
LEA 6T receiver connected to an Android device, used to store
the data. The raw C/N0 measurements, collected during the re-
peatability test carried out in the meeting room, are depicted in
Figure 16 (a) as a function of time. Measurements are not pre-
processed and are characterized by high frequency noise varia-
tions. From Figure 16 (a) it is possible to identify the laps per-
formed from the periodicity of the signals. Positioning results
obtained using the raw measurements are shown in Figure 17 (a).
Although, the position solution obtained using these measure-
ments is contained inside the room, it is not possible to identify
the trajectory followed by the user. In order to improve the solu-
tion, a pre-filtering stage was introduced on the measurements. A
Butterworth filter of order 13 was adopted. The cut-off frequency
was determined by considering the spectral content of the C/N0

measurements: only the main lobe of the C/N0 Power Spectral
Density (PSD) was retained.
The filtered measurements are depicted in Figure 16 (b), filtering
removes high frequency noise components without distorting the
low frequency variations of theC/N0 measurements. These vari-
ations are due to the user motion. The laps performed by the user
clearly appear in the smoothed measurements. It can be noted
that after the second lap, a loss of lock occurred on the signal
broadcast by pseudolite 3. This is clearly indicated in Figure 16
(b).
The position estimated using the smoothed measurements is plot-
ted in Figure 17 (b) where each lap is plotted singularly. From
Figure 17, the impact of filtering clearly emerges: the user tra-
jectory can be easily identified with a high level of consistency
among the different laps, only a slight difference (sub-meter level)
between the different laps emerges, demonstrating the high re-
peatability and consistency of the test. In order to investigate the
effect of the loss of lock highlighted in Figure 16, the solution of
lap 3 is depicted in Figure 18.

Although the loss of lock on the signal of pseudolite 3 in the
first part of the third lap degrades the position solution, the error
is still of metric order demonstrating the robustness of the algo-
rithm developed which is able to provide reliable solutions using
only three pseudolites. Only a slight degradation of the position
accuracy is observed and is due to the change of the geometry.
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6. CONCLUSIONS

The performance of different GNSS configurations, including Galileo
only, GPS/GLONASS and GPS/Galileo was assessed, in several
environments from open-sky to indoors. In signal-degraded en-
vironments such as urban canyons, GNSS navigation suffers the
presence of gross errors which strongly degrade the solution; there-
fore in these scenarios the use of RAIM algorithms is necessary.
In this work three RAIM schemes, are adopted: Subset, FB and
Danish method. These methods have been enriched adopting a
preliminary check on the satellite geometry, to screen out con-
figurations too poor to be tested successfully, and a separability
test, to avoid the exclusion of blunder-free measurements in case
of observations strongly correlated. The results obtained show
the effectiveness of the adopted algorithms in terms of RA and
of RMS and maximum errors. The highest value of RA is ob-
tained with the Subset method, which provides also the largest
errors. The FB and the Danish methods are instead characterized
by similar performance and by the smallest errors, demonstrating
the validity of the separability check module (which cannot be
applied to the Subset method).
GPS/GLONASS combination shows evident performance improve-
ments, for all the considered parameters, relative to GPS only
configurations. In urban canyon, the use of the aid on the al-
titude along with RAIM, improves the performance of the ver-
tical component for both RMS and maximum values which are
strongly reduced with respect to the base-line configuration. Such
enhancements are clear for both GPS only and GPS/GLONASS
cases. The results obtained when investigating indoor navigation
show that GNSS signals are currently inadequate for this task,
due to several problems such as signal attenuation, fading and
measurements biases due to multipath. Pseudolites are a valid al-
ternative to GNSS for indoor navigation, pseudolite systems are
used in synchronous and asynchronous mode. The limitations of
synchronous pseudolite systems were analyzed and it was shown
that multipath and other propagation problems can prevent the
system from achieving the level of synchronization required for
determining travel time measurements. A synchronous pseudo-
lite system is not suitable for deep indoor navigation. Using asyn-
chronous pseudolite, indoor navigation with meter level accuracy
is possible and has been demonstrated.
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